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27
Large old hollow-bearing trees have a wide range of key ecological roles in forest and other 28 ecosystems globally. Patterns and rates of mortality and decay of these trees had profound proportion of the trees in a tree population. We also sought to identify drivers of decline of 33 these trees by quantifying relationships between the condition state of trees (viz: tree form) 34 and a range of covariates.
35
We found that time, stand age and fire can individually and in combination, strongly affect 36 the decay (and eventual collapse) of large old trees. In particular, we found compelling 37 evidence that patterns of tree decline were markedly different in old growth forest (stands 38 dating from ~ 1850) relative to three other younger age classes examined. Trees in older 39 forest decayed less rapidly than trees of equivalent tree form in younger forest. Old growth 40 stands also were characterized by trees in an overall much lower (more intact) form category 41 than the other age classes of forest. A key pattern in our study was the rapid deterioration of 42 large old trees in the youngest aged stands (viz: those regenerating after fires in 1939 and 43 following disturbance between 1960 and 1990) . In these forests, a very high proportion of 44 large old trees were either in the most advanced state of tree decay (form 8) or had collapsed 45 (form 9). This is a major concern given that 98.8% of the Mountain Ash forest ecosystem 46 supports forest belonging to these (or even younger) age cohorts. Our investigation highlights 47 the need for forest management to: (1) increase levels of protection for all existing large old 48 hollow-bearing trees, (2) expand the protection of existing regrowth forest so there is the 49 potential to significantly expand the currently very limited areas of remaining old growth 50 forest.
51
INTRODUCTION
53
Large old trees are keystone structures in many forested, agricultural and urban 54 ecosystems worldwide (Manning et al., 2006; Moga et al., 2016; Lindenmayer and Laurance, 55 2017). These trees have many ecological roles including habitat provision for wildlife 56 (Fischer and McClelland, 1983; Rose et al., 2001; Lindenmayer and Laurance, 2017) , acting 57 as a source of fallen coarse woody debris on the forest floor (Elton, 1966; Maser and Trappe, 58 1984), and affecting nutrient cycles (including storing large amounts of carbon) (Keith et al., 59 2009). In common with the populations dynamics of all long-lived organisms, rates and 60 patterns of mortality of adult trees strongly affects the size and long-term dynamics of 61 populations of large old trees (Gibbons et al., 2008) . Indeed, high levels of adult mortality is 62 one of the key factors underpinning elevated rates of decline of large old trees in many 63 ecosystems globally (Lindenmayer et al., 2012) .
64
Trees can pass through a range of morphological stages over their lifespan and after America (e.g. Cline et al., 1980) , the wet ash eucalypt forests of south-eastern Australia 68 (Lindenmayer et al., 2016 ) the boreal forests of Canada (Burton et al., 2003) and oak forests 69 of eastern Europe (Moga et al., 2016) . These stages correspond to trees in a sequence of 70 conditional states from intact living trees to dead collapsed trees (Keen, 1955; Cline et al., 71 1980; Lindenmayer et al., 2016) . The progression of trees through these stages is 72 probabilistic with any given tree not necessarily passing through all decay classes; for environments where such trees are critical for an array of cavity-using taxa (e.g. see Rose et 96 al., 2001; Franklin et al., 2002; Burton et al., 2003) .
97
METHODS
98
Study area and surveys of large old trees 99 We completed this study in the Central Highlands of Victoria, south-eastern Australia 100 where there is approximately 157 000 ha of Mountain Ash (Keith et al., 2017) and marked all 534 large old hollow-bearing trees with permanent metal tags and unique 111 identifying numbers to facilitate re-measurement.
112
We used maps of past disturbances, together with on-ground reconnaissance of field 113 sites (where tree diameter is strongly correlated to tree age; (see Lindenmayer et al., 2017) to 114 assign each of our 96 sites to one of four distinct age classes. These were: (1) stands that 115 regenerated after a wildfire in approximately 1850, (2) stands that regenerated after a major 116 wildfire in 1939, (3) stands that regenerated after fire or logging between 1960 and 1990, and 117 (4) mixed-aged stands that comprised trees from 1730-1850 and a younger-aged cohort
118
(typically regeneration from the 1939 fire).
119
None of our long-term sites was subject to logging over the duration of this study (viz: 120 1997 to 2015) . However, parts of the surrounding area of approximately half our sites were 121 subject to timber harvesting between 1950 and 2015, with an average of 16.9% of the 122 adjacent area logged up until 2015.
123
Classification of trees into different states of decay
124
For the purposes of this study, we defined a large old hollow-bearing tree as any tree
125
(live or dead) measuring > 0.5 m dbh and containing an obvious cavity as determined from 126 careful visual inspection using a pair of binoculars. We classified all large old hollow-bearing 127 trees on our long-term sites into one of nine forms based on the condition and level of decay 128 (Figure 1) . Notably, all large old hollow-bearing trees were standing living or dead at the 129 outset of our study in 1997. Covariates used in statistical analysis 139 We fitted five potential explanatory variables to our models. These were: (1) year, (2) 140 the age of the stand in which a given site was located, (3) whether a site had been burned in (weighted by the distance from the site centroid).
145
STATISTICAL ANALYSIS
146
We fit a Bayesian multi-level model to tree form, with two random effects: site and 147 tree. The site level random effect allowed for correlation among trees at a given site and the 148 tree random effect allowed for temporal correlation. We assumed a Gaussian distribution for 149 tree form. However, due to the ordinal nature of this response variable, we explored the 150 sensitivity of the results of model fitting to the assignment of scores in Figure 1 . Specifically,
151
we used normal and log-normal (the inverse to reflect the left-skewed nature of the 152 distribution of forms) ridit scores (Agresti, 2010) to assign scores to the nine forms. We This model specification (ignoring the random effects) is summarized in Table 1 . 
176
RESULTS
177
A total of 36 of our 96 long-term sites supported living trees at the outset of our 178 investigation in 1997. Overall, 168 of the 534 hollow-bearing trees were alive when we first 179 surveyed them in 1997. Table S2 ). The best fitting models for the ridit scores (normal and inverse log- Table S2 ).
232
DISCUSSION
233
We sought to quantify the extent and patterns of temporal decline in the condition of 234 large old trees and the factors affecting that decline in the Mountain Ash forests of south-
235
eastern Australia. Our empirical data underscored the fact that almost all trees had 236 deteriorated in condition in the 18 years of this study ( 
247
We found evidence of pronounced rates of tree mortality, with more than 60% of live 248 trees on burned sites dying during our study. This result was expected given that Mountain Table S2 ).
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